Riassunto
Introduction
The world production of tyre waste amounts to 7 millions of tons (ref. ETRA, 2008) , 3 millions of which are generated in Europe, that is 2% of total solid waste production, and even today the final destination of nearly 65-70% of such an amount is the landfill, with the consequent loss of high added value materials [1] and the relevant environmental impact. It is well known that scrap tyres possess high volatile and low ash content with heating value greater than coal and biomass. These properties make it an ideal material for thermal processes like pyrolysis and gasification, that, unlike combustion, convert the intrinsic chemical energy of a carbon-rich material in valuable by-products. Among these thermal technologies, gasification of scrap tyres seems to be an attractive method since the gaseous fuel derived from the process can be stored, transported and easily fuelled for existing boilers and combustors with little modifications, but at moment the experiences are limited to bench or pilot scale studies [2] [3] [4] . Another alternative consists in conveying the syngas in a fuel cell, which allows one to improve the overall efficiency of the process. In a modern fuel cell, such as a molten carbonate cell, a steady stream of hydrogen is required as fuel: this means that syngas usage for those applications normally requires a suitable cleaning from trace contaminants and the appropriate upgrading of the composition [5] . Within this framework, the present study reports results of scrap tyre gasification with steam, according to a series of trials performed using a bench-scale reactor, with the final goal of determining the influence of processing temperature on yields and product composition.
Results and discussion

Materials and apparatus
Samples used for the experimental work are commercial products, supplied by an Italian producer (Elastrade). Tyre samples were milled till to a size of maximum 6 mm and kept at ambient conditions. The gasification tests have been carried out on a continuous bench scale plant, built and tested at ENEA in-house facilities (see Fig.1 ).
Fig.1: Bench scale gasification and reforming system
The material was loaded into a feeder hopper and continuously fed into the reactor. After the treatment, the solid residue was continuously discharged in a tank at the outlet of the reactor while the process gas was headed for the cleaning system and, afterwards measured before being analyzed and discharged in the vent system. The steam for the gasification tests was produced in a boiler and pumped into the reactor through a peristaltic pump at a fixed rate. On-line gas analyses were conducted using a process gaschromatograph Agilent model 3000A equipped with two parallel columns (Molsieve 5A and Poraplot Q), and a TCD. Argon was used as carrier gas. Ultimate analyses were obtained with a ThermoQuest EA 1110 analyser. A TA Instruments model TGA 2950 system was used to set up the thermal process and characterize the tyre samples, with respect to proximate analysis (that is, moisture, volatile matter, fixed carbon, and ash content of the material); the ash content was further evaluated by incineration at 1000°C. Table 1 reports the proximate and ultimate analysis of scrap tyres. Data show that the starting material, on a dry base, is shared for more that 65% into the volatile fraction and for 26 % into the solid residue, together with the ash (6.8%).Ultimate analysis shows a high carbon content and a significant sulfur amount, up to 2%. The steam gasification of tyres were performed in a series of trials at different processing temperatures, in the range of 850-1000°C, holding all other operational parameters constant (rotational speed of reactor, feeding rate, carrier gas flux), as reported in Table 2 ; such parameters, in turn, fix the solid and gas residence times. The influence of temperature on the process variables has been studied through comparison of the different trials, with respect to the yields, to the chemical composition and to the mass balances of the main components of the process. Table 3 reports the yields of the various process fractions (char, oil, and gas) at different temperatures: the data show that the mass balance exceeds 100%, because of the introduction of steam; it is important to remark that the oil fraction was determined by weight difference of the cold trap. Furthermore, as expected, at higher temperature, the char yield progressively decreases while the gas yield increases. In regard to the gas fraction, the principal components (apart from nitrogen, which was used as the carrier gas) detected over the different trials and reported in Table 4 were H2, CH4, CO, CO2, and small quantities of some hydrocarbons, such as ethane, ethylene, and acetylene. Higher temperatures clearly result in higher hydrogen concentrations; the hydrogen content rapidly increases, attaining values of >65%, while the hydrocarbons, particularly methane and ethylene, gradually decrease; (other than carbon monoxide and dioxide, whose concentration clearly depends on the contemporary effects of Boudouard and water gas shift reaction) over the range of the temperatures. This situation is probably dependent on the more favorable thermal cracking and steam reforming reactions that were caused by higher temperatures, which result in the major extensions of secondary cracking reactions into the gas fraction [6] [7] . Gas density at n.c. (kg/m3) 0.5 0.6 0.5 Table 5 reports the elemental composition (carbon, hydrogen and oxygen) of the synthesis gas, which shows that, as the temperature increases, the carbon content continuously decreases, while the oxygen content increases; the hydrogen, being the main component of the gas fraction and having a small atomic weight, is responsible for the progressive reduction of the gas density at higher temperature.
Characterization of scrap tyres and gasification tests
As reported in Table 6 , the higher temperatures, together with the presence of the steam, strongly influence the total volume of the gas produced, and with an increase in temperature from 850°C to 1000°C, the gas volume per kilogram of feeding definitely triples. This aspect becomes more significant if each contribution of the components of the gas mixture is taken into account; as it would be expected, hydrogen mainly affects the gas production at higher temperature, reaching a value of 1.12 m 3 /kg at 1000°C, over a total production of 1.70 m 3 /kg. The progressive increase of hydrogen and carbon monoxide production is a clear indication of the major extension of secondary cracking reactions [8] [9] [10] ; moreover, the methane behavior, that is gradual decrease at higher temperature, is a compromise between the improved global gas production and the contemporary extended secondary cracking mechanisms. 
Tab
Conclusions
As a first conclusion, steam gasification of scrap tyres seems to be a promising process in view of obtaining a good quality syngas.
The data show that a higher temperature results in a higher syngas production. Furthermore, when all the operational parameters are held constant, the temperature definitely affects gas composition, in favour of a higher hydrogen production at higher temperature; with respect to the calorific value, the syngas seems to be comparable to natural gas. The adopted operating conditions allow to obtain an appreciable amount of char, whose high carbon content suggest its exploitation both as activated carbon (after activation process) and as carbon source for synthesis reactions.
